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In eubacteria, gene expression is controlled at the transcriptional level by the combined actions of sigma factors, activators, and repressors. Sigma factors bind to core RNA polymerase (␣ 2 ␤␤Ј) and recognize specific promoters. The replacement of one sigma factor with another allows the controlled transcription of different genes. Gene expression in exponentially growing bacterial cells depends on a single sigma factor (the 70 factor) aimed at transcribing housekeeping genes (8, 23) . A variable number of alternative sigma factors coordinate the expression of genes required for defined growth conditions and/or responses to specific stimuli (23) . Therefore, alternative sigma factors play relevant roles in responding and adapting to different kinds of stresses and environments.
Based on sequence similarities and conserved regions, sigma factors are grouped into two families: 54 and 70 . In general, bacterial cells have several members from the 70 family and usually only one or two members from the 54 family. Members of the diverse 70 family have four conserved regions; the 2.4 and 4.2 subregions are significantly conserved and recognize the Ϫ10 and Ϫ35 promoter elements, respectively (8, 23, 32) . Moreover, the 70 family is divided into four phylogenetic groups (23, 26, 32) : group 1, the primary sigma factors ( 70 -related factors); group 2, nonessential proteins highly similar to primary sigma factors ( S -related factors); group 3, secondary sigma factors ( 28 -related factors); and group 4, the extracytoplasmic function (ECF) subfamily (ECF , or E -related, factors). Among these groups, the ECF subfamily is the largest and most diverse, and it is involved in a wide range of stress responses and environmental adaptation processes, such as alginate production, carotenoid biosynthesis, starvation responses, and resistance to high temperatures, reactive oxygen species, and antibiotics, etc. (3, 4, 5, 6, 7, 17, 26, 35, 44, 50) .
The ECF subfamily comprises small proteins (24 to 50 kDa) that in most cases are cotranscribed with an inner membrane anti-protein. Anti-binds to the sigma factor, reducing the potential interaction with the RNA polymerase (2, 24, 26, 43, 44) . After receiving a stimulus, the sigma factor is released and can bind to the promoter regions of specific genes, enabling transcription. Most ECF factors positively regulate their own transcription, while coexpression with an anti-factor results in the switching off of the ECF response (2, 24, 26) . The best-characterized ECF factors are the homologs of E , encoded by a gene essential in Escherichia coli (12, 43) but not in Azotobacter vinelandii, Pseudomonas aeruginosa, or Salmonella enterica serovar Typhimurium (6, 17, 35, 50) . This protein regulates a large number of genes involved in both the biogenesis and stress responses of the cell envelope (2, 24, 43, 44) . Under different conditions, it also controls the transcription of other sigma factors, such as those encoded by rpoD, rpoH, and rpoN (24, 43) .
Free-living rhizobia are able to establish symbiotic relation-ships with roots of leguminous plants and to form nodules in which differentiated bacterial cells reduce atmospheric nitrogen to ammonia (19, 33) . In the rhizosphere, but also inside the root nodule, rhizobia may suffer from different kinds of stress, e.g., oxidative stress during the infection process and oxygen limitation after nodule formation (11, 31, 46, 47, 52) . In the free-living state, rhizobia face several kinds of stress, such as starvation and changes in osmolarity, pH, and temperature; also, oxidant species are generated as by-products of aerobic respiration or as products from other microorganisms (53) . Rhizobium etli is a gram-negative, free-living soil bacterium able to form nodules on roots of Phaseolus vulgaris and harbors one chromosome and six large plasmids (ranging from 184 to 642 kb) (21) . Analysis of the R. etli genome revealed 23 sigma factor-encoding genes: 1 70 (rpoD) gene, a housekeeping gene; 2 54 (rpoN) genes, involved in symbiosis and nitrogen assimilation; 2 32 (rpoH) genes, involved in responses to oxidative and heat stresses; and 18 ECF factor genes. Interestingly, none of the encoded sigma factors seem to be homologous to the general stress sigma factor S , while four of them show high levels of similarity to the E. coli E factor (21) . In this study, we describe the characterization of a gene encoding an ECF factor in R. etli, rpoE4 (CH03273), and evaluate its role under several biological and abiotic stress conditions. The results suggest that RpoE4 is an important general regulator involved in the responses to several stresses, as well as in cell envelope biogenesis.
MATERIALS AND METHODS
Bacterial strains and microbiological methods. The bacterial strains and plasmids used in this study are listed in Table 1 . E. coli strains were grown at 37°C in Luria-Bertani medium (45) . R. etli strains were grown at 25°C in either PY medium (40) or minimal medium (MM) (20) . Microaerobic (1% O 2 ) conditions were generated as described previously (20) . Antibiotics were added at the following final concentrations (in micrograms per milliliter): gentamicin, 5; carbenicillin, 100; nalidixic acid, 20; streptomycin, 100; spectinomycin, 100; kanamycin, 30; and tetracycline, 5. For positive selection of the sacB gene, sucrose was used at concentrations ranging from 7.5 to 10% (wt/vol). To determine the survival rates in the presence of H 2 O 2 , R. etli strains were grown in PY medium at 25°C. Aliquots of cultures with optical densities at 600 nm (OD 600 ) of ϳ0.3 were taken and incubated with different concentrations of H 2 O 2 (Sigma) for 45 min at 25°C. After treatment, samples were diluted in 10 mM MgSO 4 -20 mM Tween 40 and plated onto PY medium. To evaluate sensitivity to sucrose, NaCl, and methyl viologen (Paraquat; Sigma), overnight cultures (OD 600 , ϳ1.0) were diluted and plated onto PY medium containing sucrose at 15%, NaCl at 80 mM, or methyl viologen at 40 M.
Recombinant-DNA procedures. Genomic DNA was isolated using the GenomicPrep cell and tissue DNA isolation kit according to the instructions of the manufacturer (Amersham Biosciences). Plasmid DNA was isolated by an alkaline-sodium dodecyl sulfate lysis method, and CaCl 2 -treated E. coli cells were transformed with the DNA; other general DNA methods were carried out according to standard protocols (45) . Restriction enzymes and T4 DNA ligase were used as specified by the manufacturer (Invitrogen). Pfu DNA polymerase (Altaenzymes) was used for PCRs. The conjugative mobilization of plasmids Table S1 ). Primers tcrX-lw and ch3274wb were both used to obtain a PCR product of 570 bp from the region upstream of ATG in rseF (CH03274; 246 bp of a noncoding region and 324 bp of the trcX gene) from R. etli CE3, and the product was cloned in both orientations into the EcoRV site of pBBMCS53 (20) to create pJMS24 (carrying an rpoE4-uidA fusion) and pJMS25 (carrying a tcrX-uidA fusion). The 1.70-kb R. etli rpoE1, 1.87-kb R. etli rpoE2, 1.58-kb R. etli rpoE3, and 1.80-kb R. etli tcrX-rpoE4 regions were amplified from strain CE3 by PCR and cloned into the appropriate sites in pK18mobsac (49) to give pJMS26, pJMS27, pJMS28, and pJMS29, respectively. pJMS30 is a pJMS26 derivative with a 2.3-kb fill-out ClaI-digested loxP spectinomycin resistance (Sp) interposon (36) inserted into the EcoRV site located at codon 47 of rpoE1. pJMS31 is a pJMS27 derivative with a 2.3-kb SalI-digested loxP Sp interposon inserted into the XhoI site located at codon 147 of rpoE2. pJMS32 is a pJMS28 derivative with a 2.3-kb fill-out ClaI-digested loxP Sp interposon inserted into the EcoRV site located at codon 89 of rpoE3. pJMS33 is a pJMS29 derivative with a 2.3-kb ClaI-digested loxP Sp interposon inserted into the ClaI site located at codon 90 of rpoE4. pJMS34 is a pJMS29 derivative with a 2.3-kb ClaI-digested loxP Sp interposon inserted into the NarI site located at codon 94 of tcrX.
The primer pairs RechE4uh-ch3274wb and ch3274E4ub-RerpoE4we were used to amplify fragments containing the tcrX (1,257-bp) and rpoE4 (1,253-bp) genes, respectively, from strain CE3 by PCR. Both fragments were digested with BamHI, ligated with T4 DNA ligase, and used as templates to amplify a fragment with the RechE4uh and RerpoE4we primers. The 2,510-bp amplification product, which contained a deletion of the rseF (CH03274) gene, was cloned into the HindIII/EcoRI site of pK18mobsacB to give pJMS35. The pJMS36 plasmid is a pJMS35 derivative with a 2.3-kb BamHI-digested loxP Sp interposon inserted into the BamHI site located 33 bp upstream of rpoE4. This construct has rseF deleted by replacement with the loxP Sp interposon (⌬CH03274::loxP Sp).
The 1,267-bp BamHI-EcoRI PCR product generated by using ch3274ub and RerpoE4we primers was cloned into the BamHI/EcoRI sites of pFAJ1708 to produce pJMS37; this construct has the rpoE4 gene under the control of the nptII promoter.
The ) phenotype. To generate a nonpolar rseF mutation, the loxP Sp interposon was excised from the CFNX3274Sp strain by using the loxP-specific Cre recombinase expressed by the pJMS8 plasmid (38) . Losses of the Sp r marker and pJMS8 were screened by detection of the Sp s , tetracycline-sensitive (Tc s ) phenotype. Microarray hybridizations and analysis. For microarrays, 70-mer oligonucleotides representing all (6,034) predicted R. etli open reading frames (ORFs) were designed by E. Salazar et al. (submitted for publication), synthesized by MWGBiotech (Ebersberg, Germany), and spotted in duplicate onto superamide-coated slides (25 by 75 mm; TeleChem International, Inc.) by means of a high-speed robot at the microarray facility at the Instituto de Fisiología Celular/ UNAM. Total RNAs from exponential-phase cultures grown in MM were obtained using the RNeasy minikit (Qiagen). The RNA was reverse transcribed and labeled using the CyScribe first-strand cDNA labeling kit according to the instructions of the manufacturer. Briefly, the RNA concentration was determined by measuring the absorbance at 260 nm, and RNA integrity was evaluated by electrophoresis on 1.3% agarose. Samples of 10 g of RNA were reverse transcribed and differentially labeled with Cy3-dCTP and Cy5-dCTP by using the CyScribe first-strand cDNA labeling kit (Amersham Biosciences). Pairs of Cy3-and Cy5-labeled cDNA samples were mixed and hybridized to the array as described by Hegde et al. (25) . After being washed, the array was scanned with a Scan Array Lite microarray scanner (Perkin-Elmer, Boston, MA) using a 10-m pixel size. Microarray spot detection was carried out, mean signals and mean local background intensities were determined, and image segmentation and signal quantification were performed by using the Array-Pro Analyzer 4.0 software (Media Cybernetics, L.P). Microarray data analysis was performed with GenArise software, developed in the computing unit at the Instituto de Fisología Celular/UNAM (http://www.ifc.unam.mx/genarise/). This software identifies the genes expressed differentially by calculating an intensity-dependent Z-score. It uses a sliding-window algorithm to calculate the mean and standard deviation within the window surrounding each data point and defines a Z-score, where Z represents the number of standard deviations of a data point from the mean, as follows:
, where Z i is the Z-score for an individual element, mean(R) is the mean log 2 ratio of the duplicate of the same element, R i is the log 2 ratio for the individual element, and sd(R) is the standard deviation of the log 2 ratio. With these criteria, the elements with Z-scores of Ͼ2 or ϽϪ2 were considered to be significantly differentially expressed. The DNA microarray experiments were performed three times with the RNAs isolated from independent cultures.
Consensus promoter sequences were obtained from consensus matrices generated and selected by using WCONSENSUS v5c (28) . Briefly, sequences upstream (bp Ϫ350 to ϩ10 relative to the translation start site) from the genes identified in the microarray analysis were used as input for CONSENSUS to identify the motifs. Sequences containing promoters were aligned using SeqView version 1.0.1 (ftp://gimr.garvan.unsw.edu.au/pub/) and displayed using WebLogo version 2.8.2 (10). The best matrix was selected to deduce the consensus sequence. The prediction of other promoters was done using the genome-scale gene pattern program from the Regulatory Sequence Analysis Tools website (http://embnet.ccg.unam.mx/rsa-tools/) (54) .
To carry out semiquantitative reverse transcriptase PCR (RT-PCR) experiments, the RNA was incubated with 1 U g Ϫ1 RNase-free DNase I according to the instructions of the manufacturer (Fermentas Life Sciences) and the absence of DNA contamination was confirmed by PCR. Amplifications were performed with the Thermoscript RT-PCR system (Invitrogen) and with a reduced number of cycles, in order to avoid the plateau of the DNA amplification reaction. The relative quantification of gene expression was done using the CH02950 gene as an endogenous control. The PCR products were separated by agarose gel electrophoresis, and the intensities of the products were quantified by using the Gel Logic 100 imaging system and molecular imaging software (Kodak).
Nodulation and nitrogen fixation determination. P. vulgaris cv. Negro Jamapa seed surfaces were sterilized, and the seeds were germinated on sterile trays containing sterile vermiculite. Three-day-old seedlings were transferred into 1-liter plastic pots with sterile vermiculite and inoculated with 1 ml of overnight culture (in PY medium). Plants were kept in a culture room at 25°C under a 12-h light/dark cycle and watered with a nitrogen-free nutrient solution (16) . Acetylene reduction assays for nitrogenase activity were carried out as described by Girard et al. (20) .
␤-Glucuronidase activity measurements. Exponential cultures of strains harboring the uidA transcriptional fusions were grown on MM (to an OD 600 of ϳ0.3) and incubated with H 2 O 2 at 1 mM, NaCl at 100 mM, or sucrose at 10% (wt/vol) for 45 min. Bacterial cultures containing the pJMS24, pJMS25, or pGUSprpoH2 plasmid were grown in MM under aerobic or microaerobic conditions, and samples at exponential growth phase (OD 600 , ϳ0.3) and stationary growth phase (OD 600 , ϳ0.8) were collected. Quantitative ␤-glucuronidase assays were performed with 4-nitrophenyl-␤-D-glucuronide as the substrate as described previously (20) . Nodules were isolated and stained for ␤-glucuronidase activity as described previously (42) .
RESULTS
Phenotypes associated with rpoE homologs in R. etli. The four R. etli RpoE factors are phylogenetically related to E. coli RpoE and have the 2.1, 2.4, 4.1, and 4.2 subregions, typical domains of the ECF factors, conserved (see Fig. S1 in the supplemental material). In addition, rpoE1, rpoE2, and rpoE3 are present downstream of, and oriented in the same transcriptional direction as, an ORF encoding a product with antidomain-transmembrane, or COG5662, domains, common in proteins that perform as anti-factors (9) . The fourth homolog, rpoE4, is present upstream of, and oriented in same transcriptional direction as, the ORF CH03274 (rseF). Upstream of rseF, transcribed in the opposite direction, is ORF CH03275 (tcrX) (see Fig. S1 in the supplemental material). Genes similar to rseF were identified in Sinorhizobium meliloti as ORF SMc01505, a negative regulator of S. melitoli rpoE2 (homologous to R. etli rpoE4) (48) , and in Caulobacter crescentus as ORF CC3476, which has activity similar to that of the S. meliloti ORF and is present upstream of the T gene (homologous to R. etli rpoE4) (4) . On the other hand, TcrX is highly similar to Methylobacterium extorquens PhyR and includes regions homologous to RpoE-like (COG1595) and CheY-like receiver sensor (COG0784) domains. In M. extorquens, PhyR regulates a large number of genes involved in responses to different stresses (22) .
In order to evaluate the roles of the four putative R. etli rpoE homologs, we constructed individual interruptions with the loxP Sp interposon in each one of them (see Materials and Methods). The mutant strains had growth rates, colony morphologies, and levels of viability similar to those of the parental strain at 25°C. They were also able to establish symbiotic interactions with P. vulgaris roots, and 28 days after inoculation, the nodules could perform nitrogen fixation at levels similar to the wild-type strain (data not shown). Additionally, none of the mutations affected the sensitivities of the carrier strains to heat shock (20 min at 42 or 55°C in exponential or stationary phase) compared with that of the parental strain (data not shown).
Since ECF factors are involved in the responses to environmental stresses, we evaluated whether any of the R. etli rpoE homologs were implicated in the responses to different challenges: oxidative, saline, and osmotic. The oxidative challenge was exerted by exposure of the cells to the strong oxidant H 2 O 2 or to the superoxide generator methyl viologen. The rpoE1::Sp, rpoE2::Sp, and rpoE3::Sp mutants displayed the same degrees of tolerance toward sodium chloride (80 mM) and sucrose (15%) as the wild-type strain, but they were sensitive to oxidative agents, with approximately 50% decreases in viability after H 2 O 2 shock (exposure to 5 mM H 2 O 2 for 45 min during exponential phase) and 23-fold decreases in viability in the presence of methyl viologen (40 M) compared to the viability of the parental strain (Fig. 1) . In contrast, the rpoE4:: Sp mutant was significantly more vulnerable than the wild type to all challenges, exhibiting 10-fold-higher sensitivity to H 2 O 2 , 24-fold-higher sensitivity to methyl viologen, 17-fold-higher sensitivity to NaCl, and 50,000-fold-higher sensitivity to sucrose (Fig. 1) . These results indicate that rpoE1, rpoE2, and rpoE3 participate in the oxidative stress responses elicited by methyl viologen and H 2 O 2 and that rpoE4 may be involved in more general responses to different kinds of environmental challenges, implying an important and general role. With these results and with the aim of pinpointing other elements involved in the regulatory network comprising the rpoE4 ECF factor, we decided to explore the regulation of rpoE4, as well as identify the genes regulated by its product.
Different mutants were constructed with the aim of identifying the physiological roles of rseF (regulator of sigma rpoE4; :loxP Sp polar insertion mutant exhibited degrees of sensitivity to all environmental challenges similar to those observed in the rpoE4 mutant. In contrast, the sensitivities of the rseF::loxP nonpolar insertion mutant were similar to those of the wild-type strain (Fig. 1) , indicating that rseF and rpoE4 form an operon. The methyl viologen sensitivity caused by the inactivation of trcX was similar to that of the parental strain. Interestingly, the trcX inactivation mutant was significantly more sensitive than the wild-type strain to exposure to sucrose and NaCl, suggesting a role for trcX in the response to osmotic stress (Fig. 1) . Expression profile of R. etli rpoE4. To evaluate rseF-rpoE4 and tcrX expression under different free-living conditions, we cloned the 570-bp region upstream of rseF into pBBMCS53 in both orientations relative to the uidA gene (see Materials and Methods) to create rpoE4-uidA (pJMS24) and tcrX-uidA (pJMS25) transcriptional fusions ( Fig. 2A) . In the wild-type strain CE3, the rpoE4 promoter was induced 1.6-fold by H 2 O 2 , 1.9-fold by NaCl, 1.4-fold by sucrose, and 1.8-fold by methyl viologen (Fig. 2B ) while the tcrX promoter was induced 1.2-fold by H 2 O 2 , 1.3-fold by NaCl, and 1.2-fold by methyl viologen but was not induced by sucrose (Fig. 2C) . In addition, induction of the rpoE4 promoter (2.2-and 2.9-fold) in the stationary phase under aerobic and microaerobic conditions, respectively, was observed (Fig. 3A) . In contrast, the levels of tcrX-uidA expression under the different conditions were similar and independent of the oxygen concentration, with a slight induction (1.4-fold) only in stationary phase under microaerobic conditions (Fig. 3B) .
In other alphaproteobacteria, such as Brucella melitensis, C. crescentus, and S. meliloti, rpoE4 homologs regulate the expression of rpoH (4, 13, 48) . In order to elucidate whether the same cascade is present in R. etli, the expression of an rpoH2-uidA fusion was evaluated. With the aim of characterizing the genetic regulation of rpoE4, tcrX, and rpoH2, transcriptional fusions comprising these genes were conjugated into two differ- Exponential-phase cultures (OD 600 , ϳ0.3) were grown on MM, and CE3/pJMS24 and CE3/pJMS25 strains were incubated with 1 mM H 2 O 2 , 100 mM NaCl, 10% (wt/vol) sucrose (Suc), or 40 M methyl viologen (PQ) for 45 min. Specific activity (Sp Act) was determined by using ␤-glucuronidase activity. The data shown are the averages of results from at least three independent experiments, and the vertical bars represent the standard deviations. Ϫ, no stress treatment.
FIG. 3. The R. etli rpoE4
gene is autoregulated and controls the expression of the rpoE4, trcX, and rpoH2 genes under different conditions. The rpoE4-uidA (A), trcX-uidA (B), and rpoH2-uidA (C) transcriptional fusions were expressed in the wild-type (wt), rpoE4::Sp (E4), and ⌬rseF::lox (rse) genetic backgrounds. The strains containing pJMS24, pJMS25, or pGUSprpoH2 were grown in MM under aerobic (Aer) or microaerobic (MA) conditions, and samples were collected at exponential (Exp; OD 600 , ϳ0.3) and stationary (Sta; OD 600 , ϳ0.8) growth phases. Specific activity (Sp Act) was determined by using ␤-glucuronidase activity. The data shown are the averages of results from at least three independent experiments, and the vertical bars represent the standard deviations.
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MARTÍNEZ-SALAZAR ET AL. J. BACTERIOL. ent mutant backgrounds: those of the CFNXE4Sp strain (lacking rpoE4) and the CFNX⌬3274lox strain (carrying a nonpolar rseF interruption). Under all tested conditions, the three constructs presented reduced expression (35 to 65%) in the CFNXE4Sp mutant background relative to wild-type levels, with the decline of rpoH2 expression being the most dramatic (Fig. 3) . These results indicate that RpoE4 regulates the expression of the transcriptional regulators tcrX and rpoH2, which are involved in the responses to heat, oxidative, saline, and osmotic stresses. Moreover, rpoE4 expression, which was induced by microaerobic and stationary growth conditions, was autoregulated. The basal activity in the rpoE4 mutant suggests that RpoE4, along with another sigma factor(s), transcribes the tcrX gene under aerobic and microaerobic conditions; also, tcrX induction under microaerobic conditions seems to be independent of RpoE4. In clear contrast, the expression of the three fusions in the CFNX⌬3274lox mutant background was enhanced under all testing conditions. Moreover, the expression of rpoE4, tcrX, and rpoH2 in rpoE4 and rseF mutant backgrounds was not affected by oxidative or osmotic stress under the same growth conditions (data not shown). These results suggest that rseF, either directly or indirectly, is a negative regulator of the rseF-rpoE4 operon and also of rpoH2. Identification of genes regulated by the rpoE4 sigma factor. With the aim of identifying the R. etli genes regulated by RpoE4, transcriptome analyses of the rpoE4 mutant and the rpoE4-overexpressing strain (CE3/pJMS37) were performed. Total RNAs from exponential-phase cultures, grown on MM without treatment, were obtained and used in microarray experiments. A total of 64 genes in the rpoE4 mutant were downregulated with respect to those in the wild type (Z-score Ͻ Ϫ2); 48 of them were located on the chromosome, and the other 16 were carried in large plasmids (mainly pSym and pCFN42e) ( Table 2) . Thirteen of the genes code for unknown proteins, although some of these proteins present domains, such as the PCR barrel domain (CH00479 and CH00851) and the MutT/nudix domain (CH00806 and CH01407), similar to those of proteins involved in the stress response. Moreover, putative zinc and iron transport proteins (CH02683, CH02712, and CH04056) may also be implicated in the stress response. Fifteen genes, including agaL1, atpH, ggt2, and aglE, encoding proteins potentially involved in metabolism and 13 genes encoding products, including PheA, RpmG, and RpsC, etc., involved in protein biosynthesis were downregulated in the rpoE4 mutant, suggesting differences in metabolism between the rpoE4 mutant and the wild type. Five rpoE4-regulated genes, three (pE00108, pE00148, and pE00373) located in the pCFN42e plasmid and two (CH01253 and CH03555) on the chromosome, encode proteins with a putative role in cell wall biogenesis, while four genes encode unknown proteins with domains associated with the cell envelope. Interestingly, eight genes encode proteins involved in gene regulation, as components of signal transduction systems (PF00269, PE00176, CH02204, and tcrX) and as transcriptional regulators (CH00371, CH3529, CH04025, and rpoH2).
To overexpress the rpoE4 sigma factor, the gene from strain CE3 was amplified by PCR and cloned under the control of the ntpII promoter in pFAJ1708 (14) , generating plasmid pJMS37 (see Materials and Methods). Total RNAs from CE3/pJMS37 and CE3/pFAJ1708 in exponential-phase cultures grown in MM were obtained and used in the microarray experiments. Thirty-eight genes in the rpoE4-overexpressing strain were upregulated (Z-score Ͼ 2) with respect to those in the wild type; 28 of them are located on the chromosome, while 10 are in large plasmids (Table 3 ). Six rpoE4-regulated genes may be involved in stress responses, CH02434 and xthA1 in DNA repair and CH00462 and CH03474 in the response to oxidative stress, while CH00965 and CH01802 encode CsbD-like proteins. Three genes encode proteins potentially implicated in metabolism, and two encode proteins possibly involved in gene regulation. Curiously, a large number (25 of 38) of the rpoE4-upregulated genes encode proteins with unknown functions, and some of the genes (15 of 38) encode proteins without domains or motifs. Interestingly, 16 of the unknown proteins were predicted (using the PSORT program) to be associated with the cell envelope. These data suggest that rpoE4 regulates the transcription of the genes related to stress responses, as well as those related to cell envelope biogenesis.
In order to validate the results of the microarray experiments, semiquantitative RT-PCR was performed with six selected genes identified as putative members of the rpoE4 sigmulon. For this analysis, the gene expression levels in the CE3/pFAJ1708 and CE36/pJMS37 strains in the absence of treatment were compared. Increases of 1.99-, 2.15-, 1.85-, 2.05-, 2.43-, and 2.59-fold in the expression of the genes CH00268, CH00479, CH01335, CH01732, CH02453, and tcrX, respectively, in the rpoE4-overexpressing strain with respect to the expression in the parental strain were observed (see Fig. S2 in the supplemental material). In the rpoE4 mutant, a 4.28-fold reduction in the expression of the tcrX gene with respect to that in the wild type was observed, while the genes CH00479, CH01732, CH00268, CH01335, and CH02453 were not expressed in the rpoE4 mutant (after 35 cycles, RT-PCR products were not observed; data not shown). These results validate the findings of our microarray experiments, indicating that the genes are directly or indirectly regulated by rpoE4.
A search for an rpoE4 consensus promoter in the regions from Ϫ350 to ϩ10 relative to the translation start sites of the rpoE4-regulated genes identified by transcriptome analysis was performed with both the rpoE4 Sp mutant and the rpoE4-overexpressing strain. WCONSENSUS v5s (28) was used to search for a conserved motif. The sequence GGAAC-N16/17-CGTT was found in 50 of 98 genes; 19 of these 50 genes were identified in the rpoE4 mutant, and 35 were identified in the rpoE4-overexpressing strain (Fig. 4) .
DISCUSSION
Several sigma factor genes are present in the alphaproteobacterial genomes; most of them belong to the ECF subfamily. Twenty-three sigma factors are found in R. etli (20) : 1 70 factor (encoded by rpoD), 2 54 factors (encoded by rpoN), 2 32 factors (encoded by rpoH), and 18 ECF factors. Intriguingly, four ECF factors are homologous to the E. coli E factor, while no homolog of the general stress sigma factor S is found (21) . In this study, we describe the role, regulation, and sigmulon of the RpoE4 sigma factor in R. etli.
Our initial approach was to generate mutations in the R. etli rpoE genes. The inactivation of rpoE1, rpoE2, and rpoE3 resulted in only slight sensitivity to oxidative stress caused by VOL. 191, 2009 STRESS RESPONSES MEDIATED BY RpoE4 IN RHIZOBIUM ETLI 4127 c NTP, nucleoside triphosphate; acetyl-CoA, acetyl coenzyme A; TIR, Toll-interleukin-1 receptor; CBS, cystathionine-beta-synthase; HTH, helix-turn-helix; TRCF, transcription-repair coupling factor. methyl viologen and H 2 O 2 , while the disruption of rpoE4 resulted in sensitivities to agents that cause saline, osmotic, and oxidative stresses. To date, few studies of the roles of ECF factors in alphaproteobacteria have been described. The most closely related homolog of R. etli rpoE4, rpoE2 in S. meliloti, is not associated with any phenotype (48) , while in C. crescentus, the inactivation of T provokes sensitivities to osmotic and oxidative stresses (4) . Also in C. crescentus, F is involved in the oxidative response of stationary-phase cultures (3).
In several free-living alphaproteobacteria, the rpoE4 region is highly syntenic (4, 48; http://mbgd.genome.ad.jp/), suggesting important roles for the tcrX, rseF, and rpoE4 genes. We studied the roles of these genes, as well as their transcriptional regulation. Using the ⌬CH03274::loxP Sp allele, we generated a mutant with a phenotype similar to the one shown by the rpoE4 Sp strain; this finding implies that the mutation has a polar effect relative to rpoE4 and that CH03274 and rpoE4 form an operon. In addition, the deletion of the loxP Sp interposon by using the loxP-specific Cre recombinase generates a nonpolar mutation, and the resulting strain displays a phenotype similar to that of the parent strain. In the closely related species S. meliloti, the homologous genes SMc01505 and SMc01506 also form an operon, but SMc01505 cannot be disrupted (48) . With respect to trcX, the associated phenotype indicates that this gene is involved in the responses to saline and osmotic stresses but not in the response to oxidative stress. In M. extorquens AM1, the phyR gene (highly homologous to trcX) is involved in the responses to heat shock, desiccation, and oxidative, UV, ethanol, and osmotic stresses, as well as in phyllosphere colonization (22) . In addition, the phosphorylated PhyR form interacts with the anti-sigma factor NepR and therefore acts as anti-anti-sigma factor (18). Due to the high level of similarity between PhyR and TcrX, more studies are needed to clarify whether TcrX acts as a transcriptional regulator, as a sigma factor, or as an anti-anti-sigma factor for rseF.
Our results demonstrate that R. etli rpoE4 regulates its own transcription and that it is negatively regulated by rseF. They also demonstrate that the gene is inducible by saline and os- motic and oxidative stresses, as well as microaerobic and stationary-phase growth conditions, but not heat shock. Moreover, at 21 days after inoculation, nodules formed by CE3/ pJMS24 (carrying the rpoE4-uidA fusion) exhibited significant ␤-glucuronidase activity (data not shown), indicating that rpoE4 is expressed during the symbiotic process and may have some role during symbiosis (see above). Similar results for rpoE2 in S. meliloti (48) and the T gene in C. crescentus (4) (homologous to R. etli rpoE4) have been reported previously. Furthermore, the products of rseF homologs in S. meliloti (48) and C. crescentus (4) , as well as in other alphaproteobacteria, do not have transmembrane or anti-domains, suggesting a new regulation mechanism for the ECF factor.
In several bacteria, RpoE-like factors control the expression of other sigma factors under different conditions. RpoE regulates the expression of rpoN, rpoH, and rpoD in E. coli (2, 43, 44) , T controls U and R expression in C. crescentus (4), rpoH II in Rhodobacter sphaeroides is RpoE dependent (5) , and the rpoE5 and rpoH2 genes in S. meliloti are RpoE2 dependent (48) . We found that the expression of rpoH2 in R. etli was RpoE4 dependent under aerobic and microaerobic conditions. This pattern was clearly observed in the rpoE4 mutant, but not in the rseF::lox mutant and in the rpoE4-overexpressing strain (transcriptome data), suggesting that a second regulator is needed for transcription or for mRNA stability. Similar results for E. coli rpoS transcription, which is cyclic AMP-catabolite activator protein dependent, were reported previously (27) ; moreover, the promoter sequence recognized by RpoE4 is present in the upstream regions of rpoH1 and ORF PF00052 (encoding an ECF factor) (see Table S2 in the supplemental material). In addition, in R. etli, rpoH1 is involved mainly in oxidative and heat shock responses while rpoH2 is involved in osmotic tolerance and oxidative stress. Both genes are also involved in the senescence of nodules in the symbiotic processes (37) . These data suggest that rpoE4 plays, directly or indirectly, a relevant role in survival under free-living conditions and possibly in the senescence of nodules as a master regulator of rpoH1 and rpoH2 (37) .
The rpoE4 sigmulon was identified using the rpoE4 Sp mutant and the rpoE4-overexpressing strain under no-stress conditions; these analyses revealed that RpoE4 controls at least 98 genes, 50 of them containing a conserved motif in the upstream regulatory regions. Interestingly, the putative promoter consensus was identified in 35 of the 38 genes differentially expressed in the rpoE4-overexpressing strain but in only 19 of the 64 genes differentially expressed in the rpoE4 Sp mutant. This result may be explained by the possibility that RpoE4 controls other regulators, i.e., rpoH2 is repressed in the mutant, and therefore, more than one regulon may be affected. On the other hand, in the overexpressing strain, the large amount of RpoE4 RNA polymerase formed may transcribe principally rpoE4-dependent promoters. The putative consensus sequence identified here resembles the sequences of promoters recognized by the ECF factors, such as those of E. coli rpoE, S. 
